Nigrostriatal dopamine (DA) projections terminate in distinct patches during the late prenatal and early postnatal period in the rat. During the first postnatal week, patches of DA fibers overlap with clusters of striatal neurons that share several identified characteristics.
The early segregation of striatal cell types into either these patches or the surrounding matrix becomes a permanent organizational feature of the striatum.
In order to determine whether the heterogeneous distribution of DA influences the formation of cellular patches, the developmental organization of chemically identifiable cell types was examined in normal rats and in rats DA depleted as infants (0 or 3 d) or in ufero (embryonic days 17-18).
During the first postnatal week, corresponding patches of DA afferents and substance P (SP)-immunoreactive neurons existed in the striatum of normal animals, and AChE-positive zones overlapped these patches in the lateral striatum. Injection of 8-hydroxydopamine into the lateral ventricles of fetal or infant rats produced a dramatic loss of striatal DA terminals.
Neither the patchy distribution of SPimmunoreactive neurons nor the distinctive pattern of AChE staining present during the first 2 postnatal weeks was disrupted. During the third postnatal week, cells immunoreactive for leu-enkephalin or calbindin-D,,, were confined to the matrix compartment, and this compartmentalization was also not noticeably changed by pre-or postnatal DA depletion. In adult animals, overlapping patches of leu-enkephalinand SP-immunoreactive fibers were observed, regardless of whether any DA terminals remained. Thus, the basic organization of the striatal patch and matrix compartments develops normally in the absence of DA innervation through much of the formative period. Although these observations do not completely dismiss the possibility that the first DA afferents to appear in the striatal primordia influence contacted striatal cells to develop the patch phenotype, they suggest that the patchy distribution of DA afferents may be secondary to the early clustering of striatal neurons forming the patch compartment.
The compartmentalization of neuroactive substances into patch and matrix regions is now a well-established feature ofthe mammalian striatum. Neurons intrinsic to the striatum contain a variety of peptides, as well as GABA, and receive innervation from the substantia nigra, dorsal raphe, and cortex that is primarily dopaminergic, serotonergic, and glutamatergic, respectively (Graybiel and Ragsdale, 1983) . Immunohistochemical studies have demonstrated that nearly all of the identified substances have been found either to be concentrated within regions described as "striosomes" (Graybiel and Ragsdale, 1978) or "patches" or to strictly avoid them, localizing instead to the surrounding "matrix" (Graybiel et al., 198 1 b; Gerfen, 1984 Gerfen, , 1985 Beckstead and Kersey, 1985) . This patch/matrix organization is a permanent feature of the striatum that is likely to form the basis for information processing in this structure (Gerfen, 1988) .
Less is known about the development of this compartmentalization. Dopaminergic afferents had been noted to distribute in a patchy fashion within the striatum of neonatal animals (Olson et al., 1972; Graybiel et al., 198 la) . Subsequent studies found that the organization of dopamine (DA) fibers into patches occurred 2-3 d prior to birth (Moon Edley and Herkenham, 1984) . More recently, the striatal neurons were found to assume a patchy distribution prenatally, as well. Substance P (SP) neurons are found in patches during late fetal development in the mouse (Ni and Jonakait, 1988) , and neurons expressing Ca*+/ calmodulin (CAM)-dependent protein kinase II (Newman-Gage and Graybiel, 1988) and dopamine-and cyclic adenosine 3':5'-monophosphate-regulated phosphoprotein (DARPP-32) (see Foster et al., 1987) are also found in patches in the prenatal rat brain. Cells rich in DA Dl receptors (Murrin and Zeng, 1989) and opiate (Moon Edley and Herkenham, 1984; Murrin and Ferrer, 1984; van der Kooy, 1984) and muscarinic (Nastuk and Graybiel, 1985) ligand-binding sites also form clusters. In each case, examination of the overlap between DA fiber patches and patches of striatal neurons revealed by any of these markers revealed a close correspondence.
The question of which comes first has been addressed only by comparing the first appearance of each of these markers and the time at which they first are seen to form patches. Dopaminergic afferents are distributed initially in a homogeneous fashion, becoming clustered at about embryonic days [19] [20] in the rat (Moon Edley and Herkenham, 1984; Voom et al., 1988) . The same homogeneous-to-patchy progression of patches of opiate-binding sites follows l-2 d later (Moon Edley and Herkenham, 1984) . However, 2 more recent studies have indicated that striatal neurons expressing DARPP-32 (Foster et al., 1987) or Ca2+/CAM-dependent protein kinase II (Newman-Gage and Graybiel, 1988) are clustered prior to the emergence of DA patches. The present studies were designed to directly test the possibility that DA afferents play a role in directing or consolidating the striatal patch/matrix organization by examining the development of various neuronal phenotypes in the brains of animals given intracerebral DA-depleting brain lesions prior to the emergence of DA patches. The role of DA in the maintenance of compartmentalization was also studied in animals DA-depleted either pre-or postnatally.
Materials and Methods
Animals. Female Sprague-Dawley rats (Griffin Labs, NY State Department of Health) were time mated; vaginal smears were taken to verify the exact date of sperm positivity, which was considered embryonic day (E) 0. The offspring were examined at E17-19, or at various postnatal (P) ages after normal deliveries. All animals were perfused intracardially with a phosphate-buffered saline (PBS) rinse followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH, 7.3). For young animals, 1% paraformaldehyde was included in the PBS rinse, whereas 0.5% sodium nitrite was included for older animals. After perfusion for 5-l 5 min, the brains were removed and immersed in the same fixative for an additional 4-24 hr (longer postfix times for younger tissue). Brains were rinsed in 15% sucrose in 0.1 M phosphate buffer for at least 8 hr prior to sectioning. The brains of animals 12 d of age or younger were embedded in an egg yolk matrix hardened by exposure to formalin vapors. This procedure confers added stability to immature brains, allowing sections to be cut at the same thickness as those from older brains. In pilot studies, it was determined that the embedding procedure did not compromise the immunocytochemical staining, as compared to nonembedded or cryostat-cut tissue.
Lesions. In order to deplete striatal DA, 107 fetuses at E 16-l 8 and 70 neonatal rat pups (Pl or P3) were given intraventricular injections of 6-hydroxydopamine (6-HDA, Sigma Chemical Co.). For prenatal administration, this involved anesthetizing the pregnant female with ether and externalizing each uterine horn in turn. The head of each fetus was visualized through the uterine wall, and 6-HDA (100-l 20 bg of the base in 0.1% ascorbic acid/O.9% saline) was injected through a 30-gauge needle directed at the ventricular space in the center of the head. The full amount (8 ~1) was injected to 1 side of the midline suture. After removal of the needle, cyanoacrylic adhesive was used to seal the puncture in the uterine wall. Because the chances of inducing a miscarriage or stillbirth delivery are related to the amount of manipulation of the fetuses, only the 5 or 6 most readily accessible fetuses were injected per litter. A total of 20 litters were injected: 5 at E16, 10 at El 7, and 5 at El 8. Most females were allowed to give birth normally; however, only 5-6 pups were born to dams undergoing surgery at El6 (normal litter size is 10-15 pups), and the lack of DA depletions in the remaining pups indicated that all treated fetuses had died in utero. A pup survival rate of 30% and 67% was obtained following operations at El 7 and E 18, respectively (including 4 litters lost by miscarriage or resorption), leaving a total of 36 prenatally lesioned rats. Lesioned pups could usually be identified by a slight reduction in body weight compared to their untreated littermates. When problems were detected in the delivery process, probably due to a twisting of one or both uterine horns, pups were delivered by cesarian and cross-fostered to a female time mated to give birth on the same day.
Postnatal 6-HDA injections were made 30 min following the administration of desmethylimipramine (25 mg/kg, s.c.; Merrell-Dow Research Institute), in order to protect noradrenergic neurons from the destructive effects of 6-HDA (Breese and Traylor, 1971) . Bilateral injections of 5 ~1 6-HDA (60 pg each side) or the vehicle solution (n = 22) were made 1 mm lateral to the midline under ice anesthesia. Injections at P3 have previously been shown to result consistently in a 98-99% loss of striatal DA determined by biochemical methods (Stachowiak et al., 1984) , and Pl injections have proven even more effective.
Animal procedures were approved by the Institutional Animal Care and Use Committee.
Immunocytochemistry. Thirty-micron frozen sections were cut on a sliding microtome and collected in 0.1 M phosphate buffer. Chosen sections were rinsed briefly in 0.4% Triton X-100 in 0.1 M PBS (except for embedded material), then transferred to a solution of 0.2% Triton in PBS containing 5% normal goat serum to block nonspecific antibody binding. Sections then were incubated free floating for 40 hr at 4°C in wells containing the appropriate antisera diluted in 0.2% Triton/2.5% normal goat serum in PBS. Dopaminetgic neurons were revealed with an antibody directed against tyrosine hydroxylase (TH; Eugene Tech; 1:6000), the synthetic enzyme for catecholamines. Antibodies to substance P (SP, Eugene Tech; 1:2000) and leucine-enkephalin (I-Enk, Incstar; 1: 1600) were applied to adjacent sections. Antibodies to calbindin-D,,, (1: 1200) were graciously supplied by Dr. Sylvia Christakos. After rinsing, sections were incubated in a goat anti-rabbit secondary antibody conjugated to biotin, followed by an avidin-biotin complex linked to peroxidase (Elite ABC kit, Vector Labs). A final incubation in 0.05% diaminobenzidine containing 0.0015% H,O, and 0.25% nickel ammonium sulfate revealed dense black staining of immunoreactive structures. Sections were mounted onto slides coated with chrom-alum gelatin, dehydrated, and coverslipped with Histoclad (Clay Adams). Observation and photomicrography of the sections were done on an Olympus AH-2 photomicroscope.
Tissue from lesioned animals was always processed together with at least 1 control that was perfused at the same time. This was especially critical for assessing the extent of residual DA innervation in prenatally lesioned animals (see Fig. 3 , caption). Controls for nonspecific staining included omission of the primary antibody and performing the immunocytochemical procedure using antisera (SP or I-Enk) that were previously incubated with the appropriate antigen (1 mM; Sigma) in the presence of bacitracin ( 100 &ml; Penny et al., 1986) . No specific staining was obtained following these procedures.
Acetylcholinesterase histochemistry. AChE histochemistry was performed according to the protocol of Levey and associates (Levey et al., 1983) . Sections previously mounted and dried on slides coated with chrom-alum gelatin were immersed in 200 ml of a solution containing 1.36 gm sodium acetate, 100 mg copper sulfate, 150 mg glycine, 14 mg ethopropazine, and 232 mg acetylthiocholine, adjusted to pH 5.0 with the addition of glacial acetic acid. Tissues were incubated for 90 min, followed by brief rinsing in water and reaction for 1 min in sodium sulfide (1.92 gm in 200 ml water adjusted to pH 7.8 with 10 N HCl). After brief rinsing, staining was intensified by immersion for 1 min in 1% silver nitrate. Sections were dehydrated and coverslipped with Histoclad.
Results
Prenatal development of DA aflerents and SP neurons El 7-19. Three to 4 d prior to birth, a dense band of THimmunoreactive fibers was observed in the lateral half of the striatum (Fig. 1) . The origin of this DA innervation could be traced to the substantia nigra in sag&al sections. From El7 to E 19, the nigrostriatal DA innervation appeared homogeneous in its distribution. Incubation of adjacent sections in SP antisera did not lead to specific staining of striatal elements, though nigral SP innervation was apparent at E19.
PO-2. The first few days after birth (which occurred at E21-22), dense patches of DA fibers were visible on a background of lower innervation density in unlesioned animals ( Fig. 24 . SP-immunoreactive neurons were now obvious and were found in distinct clusters that approximated the size of the DA patches (Fig. 2B) . Examination of adjacent sections revealed a partial overlap between patches of DA terminals and SP neurons, especially notable in sagittal sections (Fig. 2CJ ).
Eficls ofprenatal 6-HDA. In animals given intracerebroventricular 6-HDA injection on E17-18, varying degrees of DA depletion were apparent. This variability was confirmed by preliminary biochemical measurements in 6 PO and 6 P 18 striata, which resulted in DA depletions ranging from 10% to 96O/o (R. W. Keller and A. M. Snyder-Keller, unpublished observations). Using TH immunocytochemistry, it was possible to reveal the distribution of remaining DA fibers, which in the case of complete lesions, were found only in the ventralmost aspect of the striatum surrounding the anterior commissure, as well as in the nucleus accumbens and olfactory tubercle. An example of a complete striatal denervation in an animal killed shortly after birth is shown in Figure 3A (cf. Fig. 2A ). A few surviving dopaminergic neurons were present in the midbrain, and in coronal sections taken from other animals, these were found to lie primarily in the medial substantia nigra and ventral tegmental area Figure 3 . Postnatal distribution of TH-and SP-immunoreactive elements after prenatal 6-HDA. A, Note lack of TH-immunoreactive fibers in the striatum of a P2 rat (rostra1 extent of striatum in sagitti section outlined by arrowhe&). This animal was perfused identically and tissue processed simultaneously with that shown in Figure 2A . B, SP-immunoreactive striatal patches and projections to the substantia nigra (Slv). Scale bar, 500 wrn for A and B. C, TH-immunoreactive staining in a coronal section through the midbrain from a P18 rat treated prenatally with 6-HDA. D, Comparable section taken from a P18 control rat. Scale bar, 500 pm for C and D. (Fig. 3c) . Despite this massive loss of nigrostriatal DA projections, SP immunostaining of adjacent sections revealed the presence of distinctive clusters of SP-immunoreactive cells (Fig. 3B) .
Development of early patch markers (SP, AChE) in normal and perinatally 6-HDA-lesioned rats P6. During the first postnatal week, DA patches remained visible in normal animals as dense areas of TH-immunoreactive fibers on a background of the developing matrix innervation (Fig. 4A) . SP patches were characterized by clusters of immunoreactive neurons and associated dense fiber staining (Fig. 4E) . Overlapping DA and SP patches were still obvious. AChE histochemistry revealed zones of dense stain that partially overlapped DA and SP patches in the lateral half of the striatum (Fig. 4C ). Very few TH-immunoreactive fibers remained in the striatum of animals given successful pre-or postnatal 6-HDA injections (Fig.  40) . Despite this near-complete loss of patch DA innervation, the clustering of SP-immunoreactive cells appeared normal (Fig.  4E) , and AChE histochemistry revealed the same dense zones in lateral striatum (Fig. 4F ).
PZ2. At this age, patches of TH-immunoreactive fibers were no longer visible, because the matrix DA innervation filled in the striatum (Fig. 5A) . Patches of SP-immunoreactive cells remained distinctive (Fig. W) , but at older ages, cell bodies become increasingly harder to stain in the absence of colchicine treatment, leaving only dense aggregations of SP-immunoreactive fibers in the patch regions. AChE stain was now present throughout the striatum, and in the ventral aspect, the zones of D, TH immunocytochemistry reveals few DA fibers remaining in an animal given 6-HDA on Pl. E, SP-immunoreactive patches remain distinctive after postnatal 6-HDA. F, AChE-positive neuropil. Small round 'holes" throughout the striatum in this and subsequent figures are myelinated corticofugal fiber tracts. Scale bar, 500 pm for A-F. low AChE stain, termed "striosomes" by Graybiel and Ragsdale dorsolateral striatum, as well. The patches of residual DA in-(1978) appeared on a more densely staining background (Fig. nervation showed considerable overlap with patches of SP-im-5C). This transition was equally apparent in lesioned animals.
munoreactive neurons in adjacent sections (Fig. 5&F ). In several animals given prenatal 6-HDA injections and killed at P 12 or later, DA lesions ranged from a complete bilateral denervation (25% of surviving lesioned rats) to unilateral denervation (6%) to a partial bilateral loss (69%). In regions that were completely devoid of TH-immunoreactive fibers, clusters of SP-immunoreactive cells were still apparent. In the case of incomplete lesions, surviving DA fibers were usually found to lie in distinctive patches within the dorsolateral striatum (Fig.   SD) , though varying amounts of a more ditise innervation were often present in the medial striatum, and sometimes in the Development of matrix markers (enkephalin, calbindin) in normal and perinatally 6-HDA-lesioned rats Satisfactory staining with I-Enk antibodies was not obtained until near the end of the second postnatal week. At P18, cells immunoreactive for I-Enk were most readily stained and revealed a distinctive organization (see below). The antibody to calbindin, a characteristic marker of the matrix neurons , provided good staining at all ages, but exhibited a protracted developmental expression from ventrolateral to me- fiber patches remaining in an animal that had received 6-HDA prenatally that resulted in an incomplete lesion. Scale bar, 500 pm for A-D. E. High-power view of DA fiber patches. F, SP-immunoreactive patches in a section adjacent to E. Arrows point to corresponding patches. Scale bar, 100 pm for E and F.
dial to dorsolateral portions of the striatum (see also Liu et al., 1989) . For this reason, P18 was chosen as the earliest age to illustrate matrix localization of these 2 markers.
P18. At this age, the DA innervation in normal rats was homogeneously dense (Fig. 64 , and I-Enk-immunoreactive cell bodies were located in what appeared to be the matrix (Fig. 6B) . A comparison of adjacent sections stained for I-Enk and SP revealed that patches of SP-immunoreactive neurons were coincident with the patches devoid of I-Enk-immunoreactive neurons (Fig. 7A,B) . Neurons immunoreactive for calbindin were also confined to the matrix (Fig. 6c) , though at this age, neurons of the most dorsal aspect of the striatum are still not synthesizing appreciable amounts of the protein.
In animals treated with 6-HDA either pre-or postnatally, the same matrix localization of I-Enk and calbindin-immunoreactive neurons was observed (Fig. 6E,F,H,I ), despite the neartotal loss of DA innervation (Fig. 60,G) . Patches devoid of I-Enk-immunoreactive neurons still were found to correspond to patches of dense SP stain.
In older animals, I-Enk-immunoreactive neurons were not clearly visualized in the absence of colchicine treatment. Instead, fairly dense fiber staining was observed throughout the (Fig. 70) . These Discussion patches were evident in both control and lesioned striata and Developmental localization of immunocytochemically were found to correspond to patches of SP-immunoreactive identified cell types to the patch or matrix compartment fibers (Fig. 7C') . Calbindin-immunoreactive neurons were found This study has provided a sequence of early ages comparing the throughout the striatum, confined to the matrix region. development of staining for several different substances within t Figure 6 . Matrix-associated immunoreactivity in coronal sections taken from normal (A-C), prenatally DA-depleted (D-F), or postnatally DAdepleted (G-I) striatum at P18. A, D, and G, Compared to the homogeneous dense stain of a normal animal (A), few TH-immunoreactive fibers remain in the striatum after prenatal (0) or postnatal (G) 6-HDA treatment. B, E, and H, I-Enk-immunoreactive neurons predominantly found in the matrix surrounding patch regions in all animals. C, F, and I, Calbindin-D,,, immunoreactivity in the matrix of all animals. Scale bar, 500 lrn for A-I. * Perinatal Dopamine Depl eti on and Striatal Development the striatum of the rat and their localization to patch or matrix compartments. Substance P antisera stained clusters of striatal neurons at birth, which were largely coincident with the patches of DA fibers revealed by TH immunocytochemistry. Thus, SPimmunoreactive neurons are clearly a major component of the developing patch compartment (see also Boylan et al., 1990; Zahm et al., 1990) as they are in the patches of the mature striatum (Beckstead and Kersey, 1985; Penny et al., 1986) . Projections of these neurons reach the substantia nigra early in development, where they are in a position to contact the DA cell bodies . Thus, this earlyforming DA-SP circuit may provide a stable foundation for further development of the patch/matrix organization. The ability to stain cell bodies containing the peptide was greatly diminished during the third postnatal week, however, so that SPimmunoreactive patches consisted of terminals only, against a background of lower-density terminal staining. Thus, a final picture emerges of SP neurons relatively confined to the patch regions and giving rise to a concentration of local collaterals, while at the same time providing innervation to the matrix.
The immunocytochemical localization of enkephalin at different ages provided a different picture. Reliable staining could not be achieved until the end of the second postnatal week, at which time immunoreactive cell bodies were distributed throughout the striatum, with the exception of patches devoid of 1-Enk-immunoreactive cells. This distribution was very distinctive during the third postnatal week, when it became clear that 1-Enk-immunoreactive neurons were confined to the matrix compartment. This localization was confirmed by the matching of I-Enk-poor patches with SP-rich patches in adjacent sections. Beyond the third postnatal week, the ability to stain cell bodies was again lost, leaving instead a rather dense plexus of I-Enkimmunoreactive terminal staining. Patches of dense terminal staining were present, primarily along the medial border, and frequently were in alignment with SP-rich patches. It is this latter picture ofdense fiber patches that has led most researchers to consider enkephalin a marker of the striatal patch region (Graybiel et al., 198 1 b; Gerfen, 1984) . However, Graybiel and Chesselet (1984) had previously recognized the localization of enkephalin-immunoreactive cell bodies to the matrix, as revealed by altering the conditions of the immunocytochemical procedure. The present findings underscore the notion that enkephalin-immunoreactive neurons are primarily localized to the matrix, though they may make especially dense projections to the patches. This would also suggest that enkephalin may provide another link between the 2 compartments, as has been suggested for somatostatin neurons (Gerfen, 1984) .
The shift from cell body to fiber staining as revealed by immunocytochemical means during the third postnatal week points to a major metabolic change in the peptidergic neurons at this time. The loss of peptidergic staining with age has previously been attributed to relatively high levels of activity and axonal transport and the inability to synthesize an excess of peptide for storage in the cell body (Inagaki et al., 1982) . Several factors may play a role in this conversion in the striatum. Substance P is synthesized very early within neurons of the patch compartment; these neurons are born earlier than neurons of the matrix (van der are the first to send axons to the ventral mesencephalon and are otherwise more mature than their matrix counterparts (Snyder-Keller, 1988 ). The early distribution of DA and corticostriatal afferents to these patch regions, where D, receptors are also localized (Murrin and Zeng, 1989) , suggests that SP neurons are in a position to receive an early activating influence from dopaminergic and perhaps also glutamatergic terminals. This increasing demand leads to a reduction in stored peptides and a loss of SP immunostaining within the cell body at an early age. Enkephalin-immunoreactive neurons are localized to the matrix and are presumably less mature as a result, receiving activating inputs later in development. Enkephalin immunoreactivity in striatal cell bodies is at its zenith during the third postnatal week. Also at this time, there is a dramatic increase in the density of D, receptors within the matrix (Rao et al., 1989) and this may be one ofseveral developments that interact to alter peptide distribution within striatal neurons of the 2 compartments.
In situ hybridization studies have demonstrated the existence of mRNA for SP, enkephalin, and dynorphin in neurons of both the patch and the matrix compartments (Chesselet et al., 1987; Gerfen and Young, 1988) though not necessarily in equal amounts. Patch neurons, for example, do contain more SP mRNA than their matrix counterparts (Chesselet and Robbins, 1989) . More immunoreactive peptide in one compartment could reflect either increased synthesis or stability of mRNA, so that more peptide is synthesized, perhaps combined with decreased turnover of the peptide, so that more is stored in the cell body (Chesselet and Robbins, 1989) . In any case, the consistency with which immunocytochemical analyses reveal differential patch and matrix staining suggests that important functional differences exist between the 2 populations of neurons.
Calbindin antibodies are probably the most reproducible means of demonstrating the existence of patch and matrix compartments via immunocytochemistry in the adult, despite the fact that the significance of calbindin's presence within striatal neurons is largely unknown (DiFiglia et al., 1989 ). This protein is found exclusively within striatal neurons of the matrix compartment, and also in nigral projections to the matrix (Gerfen et al., , 1987 . Developmentally, however, its expression in matrix neurons located in different topographical regions of the striatum shows a variable time course. During the first postnatal week, a small number of calbindin-immunoreactive neurons were located ventrolaterally, and as development proceeds, more medial neurons expressed the protein (see also Liu et al., 1989) . Even during the third to fourth postnatal week, a dorsal zone of non-calbindin-immunoreactive matrix neurons is evident. Nevertheless, within these developmental constraints, the patches devoid of calbindin staining remain distinctive well into adulthood.
The developmental transition from a patchy distribution of AChE stain to an adult pattern of dense stain interspersed with zones of low AChE has been well characterized (Butcher and Hodge, 1976; Graybiel, 1984) . Whereas the presence of AChE is not an unequivocal index of cholinergic neurons, the heterogeneous pattern of AChE stain in adult animals corresponds to inhomogeneities in immunohistochemical staining for choline acetyltransferase, a more specific marker (Graybiel et al., 1986) . Darkly stained, AChE-reactive cell bodies were readily apparent in material examined here from younger animals, and these cells are likely to be ACh-containing neurons. Finally, the persistence of a normal pattern of AChE stain in animals sustaining early DA-depleting lesions suggests that little of the enzyme is associated with DA terminals, as has been suggested (Butcher and Hodge, 1976; Graybiel, 1984) .
The degree of overlap between patches of SP-immunoreactive cell bodies and cellular patches lacking I-Enk and calbindin immunoreactivity was found to be considerable at the third postnatal week, when cell bodies could be reliably identified with all antibodies. This overlap continued into adulthood, but assumed a picture of patches ofdense SP-immunoreactive fibers that overlapped with patches of dense I-Enk-immunoreactive fibers. Preliminary findings in adult rats revealed a correspondence between peptidergic fiber patches and patches of cells lacking calbindin immunoreactivity, which also concentrate fluoro-gold after an intrastriatal injection in infancy (see SnyderKeller, 1988) . Thus, the patches delineated by each antibody are nearly always the same groupings of neurons, but a precise determination of what percentage are SP-immunoreactive has yet to be accomplished. The extent to which a less than complete overlap can be attributed to the use of adjacent, rather than identical, sections remains to be determined. A computer-assisted morphometric study revealed a maximal incidence of overlap of 40% when adjacent 50-pm sections were analyzed, even when comparing sections stained with the same antibody (Agnati et al., 1988) .
Lack of effect of perinatal DA depletion on striatal organization The early appearance of DA afferents within the striatum, and their distribution into patches, led several researchers to suggest that DA may provide a guiding influence for the formation of the patch/matrix organization (Graybiel, 1984; Lanca et al., 1986; Voom et al., 1988) . The early removal of DA innervation has previously been shown to result in an altered distribution of another set of striatal afferents, those coming from the dorsal raphe (Snyder et al., 1986; Luthman et al., 1987) , representing an anatomical rearrangement following neonatal DA depletion that does not occur following DA-depleting lesions in adulthood (Snyder et al., 1986) . Thus, the early presence of DA afferents in their normally patchy distribution may be important for anatomical development of the striatum. Further evidence for the role of DA in the formation of striatal compartments comes from studies correlating the first appearance of DA fibers into patches with the patchy distribution of other elements. The formation of patches of opiate-binding sites (Moon Edley and Herkenham, 1984) and corticostriatal afferents 198 l) , both of which are present initially in a homogeneous distribution, occurs l-2 d after the formation of DA patches. However, patches revealed by other postsynaptic markers appear to precede the emergence of DA patches (Foster et al., 1987; Newman-Gage and Graybiel, 1988) .
The present data indicate that DA is not a necessary formative influence during late prenatal and early postnatal development. Prenatal 6-HDA injections, which resulted in the destruction of DA terminals prior to the time that DA patches are formed, did not lead to any observable reorganization of the striatum, as measured by SP, 1-Enk, and calbindin immunocytochemistry and AChE histochemistry. Clear patterns were retained and exhibited the same degree of overlap as in normal animals, despite the fact that a near-complete destruction of DA fibers was obtained in the best cases. The same normal distribution of striatal neurons was found after postnatal lesions, which were more specific given the use of desmethylimipramine to block uptake of the 6-HDA into noradrenergic neurons. In both groups of animals, TH immunocytochemistry was used to reveal the distribution of remaining DA fibers in order to verify that cellular patches still developed in regions totally devoid of DA innervation. Thus, the results reported here suggest that the formation of DA patches is not necessary for the initial distribution of striatal neurons into the patch/matrix compartments. However, it remains a possibility that the earliest DA fibers to reach the striatum somehow influence cells to become patch neurons, even prior to the occurrence of distinctive fiber clustering. A test of this hypothesis would require lesions even earlier in development, or the demonstration that none of the cellular markers that eventually become confined to the patch compartment have done so by the time of the lesion. Nevertheless, the present findings indicate that the presence of DA patches during the late fetal period is not required for the subsequent emergence of cellular patches or for the maintenance of this compartmentalization.
The close association between immature DA terminals and patches of striatal neurons visualized by 'H-thymidine autoradiography (Graybiel, 1984) retrograde labeling after nigral injections , fluoro-gold labeling after intrastriatal injection (Snyder-Keller, 1988) or the presence ofopiate-binding sites (Moon Edley and Herkenham, 1984) cannot be refuted. The immunocytochemical evidence reported here suggests that these patches are predominantly composed of SP-immunoreactive neurons. Patches of DA terminals were found to overlap with patches of SP-immunoreactive neurons during the first postnatal week. However, this overlap was usually not complete in adjacent sections and was confounded bv the fact that TH-immunoreactive patches were most distinct in the dorsal striatum, whereas SP immunostaining revealed the clearest patches ventrally. A striking overlap was seen in animals prenatally treated with 6-HDA but incurring subtotal DA depletions, which were particularly frequent if less than 110 pg 6-HDA was injected. In these cases, the remaining DA fibers distributed into patches that were often more distinctive than those seen in the normal animal, due to the loss of surrounding matrix innervation. The unmistakable colocalization of patches of DA terminals with patches of SP-immunoreactive cells in these animals may be explained as a relative resistance of patchprojecting DA fibers to the neurotoxic effects of 6-HDA. This is unlikely, however, because the capacity for uptake should be superior in more mature fibers, which at the time ofthe injection at El 7-l 8 would be predominantly DA fibers destined to be patch associated. Indeed, the direct intrastriatal administration of 6-HDA into neonatal rats has been shown to result in the selective loss of patch-directed DA fibers (Gerfen et al., 1987) . Thus, neurons with terminals already in the striatum should exhibit a relative vulnerability to the damaging effects of 6-HDA. A more likely explanation for the localization of spared fibers to the patch regions is that surviving DA neurons, which normally would not have innervated patch regions, now grow selectively to the patches. This rerouting of DA afferents will have to be tested by determining the intranigral location of cell bodies giving rise to these fibers, which is different in the case of Datchversus matrix-directed DA afferents in normal animals (Gerfen et al., 1987; Jimenez-Castellanos and Graybiel, 1987) .
Previous attempts to disrupt dopaminergic influence on the developing striatum have led to equivocal results. Chronic haloperidol administration prenatally produced a decrease in the density of opiate-binding sites without affecting their patchy distribution (Moon, 1984; van der Kooy, 1984) . TransDlantation of embryonic striata into extrastriatal sites resulted in the development of less distinct patches of opiate-binding sites (Lanca et al., 1986 (Sivam et al., 1987) found an increase in mRNA for enkephalin and a decrease in SP mRNA, the latter change being specific to DA depletions early in life. Other reported effects ofneonatal 6-HDA treatment include a reduction in opiate receptor binding (Gerfen et al., 1987) and D, receptor binding (Gelbard et al., 1989 ) and a change in the morphology of individual enkephalinand GADimmunoreactive neurons (Pickel et al., 1986) . Thus, numerous changes may be occurring in the physiology and function of striatal neurons that are deprived of their normal DA innervation, in the absence of overall changes in the anatomical distribution of specific peptide-containing cells.
Other.factors contributing to the development of striatal patch/ matrix organization Much evidence has accrued for the selective association of striatal patch neurons with one another during development and the significance of this event as the foundation for the patch/ matrix organization.
First, striatal patch neurons are born earlier than matrix neurons (Graybiel and Hickey, 1982; Bayer, 1984; Marchand and Lajoie, 1986; van der Kooy and Fishell, 1987) and send projections to the substantia nigra prior to the time of genesis of most striatal matrix neurons . One proposed mechanism is that cells born later isolate the early cells as they stream through the striatum (Marchand and Lajoie, 1986; Fishell and van der Kooy, 1987) . However, the segregation may involve more than mechanical forces; experiments with cultured striatal cells suggest that chemospecificity may play a role as well. Krushel and coworkers (Krushel et al., 1989) demonstrated that, following dissociation of the El5 or E20 rat striata, patch neurons (identified by their 3H-thymidine labeling after an injection at E 13) selectively aggregated with one another. The cellular markers Ca2+/CAM-dependent protein kinase II (Newman-Gage and Graybiel, 1988 ) and DARPP-32 (Foster et al., 1987) show a patchy distribution prenatally, and the developmental expression of DARPP-32 in striatal cultures is unchanged by the presence of co-cultured DA neurons (Ehrlich et al., 1990) .
Afferents other than DA nigrostriatal projections may play a role in the formation of the patch/matrix organization. The earliest-arriving corticostriatal projections from the frontal cortex are distributed into patches (Goldman-Rakic, 198 1; Gerfen, 1984) . These afferents arise from the cells of the deep layers that are generated earliest (Gerfen, 1989) , and cortical neurons of the deep layers may share a common early progenitor with striatal patch neurons . It remains to be seen whether specific chemoaffinities play a role in the association of patch striatal neurons and afferent populations, or whether it is simply a matter of timing: the earliest fibers coming from both the cortex and the nigra enter the striatal primordia at an age when the cells present there are almost exclusively patch neurons. During the first postnatal week, DA afferents overlap with patches of neurons that stain heavily for Timm's reaction, which has been associated with the presence of zinc, and may indicate the storage of NGF propeptide within these cells (Vincent and Semba, 1989).
The available evidence suggests that striatal neurons that form the patches have a propensity to associate with one another.
The development of patches of DA afferents, though probably important in modulating the expression of substances within striatal neurons, is likely to occur secondary to cellular clustering. The degree to which the compartmentalization of cells is preprogrammed, or simply determined by the timing of cell birth and migration, has yet to be determined. Other factors such as the cordoning off of patch regions by glia (Steindler et al., 1988 ) and a greater incidence of dye coupling between immature striatal neurons (Walsh et al., 1989 ) may play a role in stabilizing this structure. Multiple influences may interact to guide the initial formation of patches, which then become a stable structural feature of the striatum.
